Circular molecules of potato spindle tuber viroid (PSTV) were subjected to limited digestion by various methods to produce nicked molecules. The resulting linear molecules were separated electrophoretically from circular ones, and assayed for infectivity. The linear molecules produced by treatment with RNase CI or RNase U2 were as infective as circular molecules. These linear molecules had 5'-OH and 3'-phosphate ends; almost all 3' termini probably were in the form of 2',3'-cyclic phosphate. However, the linear molecules produced by treatment with RNase Tl were approximately 10-fold less infective than circular molecules. The 2',3'-cyclic phosphate at the 3' end of these linear molecules had presumably been partially converted to 3'-phosphate. Linear molecules produced by a Mg2+-catalysed nicking reaction had a mixture of 2'-and T-terminal phosphates at their 3' end and were approximately 100-fold less infective than circular ones. The infectivity of linear molecules produced by nuclease $1 digestion which lacked a T-phosphate was 100-to 1000-fold less than that of circular ones. These results indicate that the T-terminal phosphate of linear PSTV molecules is required for infectivity, and for maximum infectivity is required to be in the form of 2',3'-cyclic phosphate.
INTRODUCTION
Viroids are small pathogens of higher plants that are composed of covalently closed circular single-stranded RNA molecules. However, preparations of viroids contain variable amounts of linear molecules in addition to circular ones and there has been some dispute about whether linear molecules are infective. Potato spindle tuber viroid (PSTV) was separated into circular (PSTVc) and linear molecules (PSTVt.) by gel electrophoresis under denaturing conditions and it was shown that both types of molecules were infective (Owens et al., 1977) . Similarly, linear and circular molecules of chrysanthemum stunt viroid (Palukaitis & Symons, 1980) and hop stunt viroid (Ohno et al., 1982) were reported to be infectious. However, S~inger et al. (1979) reported that the linear PSTV produced by treatment with Mg -'÷ were > 103-fold less infective than circular ones. Morris (1979) found only one infective species, presumably the circular form, in his preparation of PSTV. In our work, we have prepared linear molecules by nicking circular molecules of PSTV using several methods and assayed the infectivity of different linear forms of PSTV. We have observed a relation between the terminal structures of the linear molecules and their infectivity. METHODS Enzymes. RNase CI was purified from the isthmus of chicken oviduct (Uchida & Suzuki, 1982) and RNase U., was purified from Ustilago sphaerogena (Uchida & Shibata, 1981) . Nuclease S~ and RNase A were purchased from Sigma. RNA ligase, RNase from Bacillus cereus and RNase Phy M were obtained from P-L Biochemicals. T4 polynucleotide kinase and alkaline phosphatase from Escherichia coli A I9 were purchased from Takara Shuzo, Kyoto, Japan. RNase T~ was purchased from Sankyo, Tokyo, Japan.
Pur(lication o]"
PSTV. An isolate of PSTV, provided by Dr T. O. Diener, was propagated in tomato (Lycopersieon eseulentum cv. "Kurihara'). Nucleic acids were extracted from leaf tissue as described by Palukaitis & Symons (1980) . PSTV was further purified to homogeneity by treatment with DNase and chromatography in 0000-6443 © 1985 SGM J. HASHIMOTO, K. SUZUKI AND T. UCHIDA CF-11 cellulose followed by two cycles of preparative polyacrylamide gel electrophoresis as described by Niblett et al. (1980) . Bands of PSTV c were excised from the gel and the RNA was electrophoretically eluted as described by Ohno et al. 0982) .
Preparation of linear PSTV molecules. PSTV c (5 to 10 ktg) was subjected to limited digestion in a volume of 25 ~tl with each of the enzymes under the following conditions. RNase CI digestion : 0-4 units enzyme per ml in 50 mMsodium acetate pH 4.5, containing 20 mi-MgC12 and 0.2 M-NaCI at 20 °C for 2 min. RNase U2 digestion : 0.4 units enzyme per ml in 50 mi-sodium acetate pH 4.5 with 20 mM-MgCl2 at 20 °C for 10 min. RNase T~ digestion: 2 units enzyme per ml in 50 mi-Tris HC1 pH 7.5 and 20 mi-MgCl: at 20 °C for l0 min. Nuclease $1 digestion: 1000 units enzyme per ml in 30 mi-sodium acetate pH 4.5 containing 0.3 i-NaCl, 1 mM-ZnSO4 and 5 ~ glycerol at 0 °C for 30 min.
Mg 2 +-catalysed nicking of PSTV c was performed according to S/inger et al. (1979) . Samples of 5 ~tg PSTVc in 20 ~1 25 mM-glycine-NaOH pH 9.0 containing 5 mM-magnesium acetate were incubated for 3 h at 37 °C.
All the reaction products were electrophoresed in a 5~ acrylamide gel containing 8 M-urea (S~inger et al., 1979) . The gel was stained with ethidium bromide and the band of PSTV L was excised. RN A was eluted from the gel with 50 mm-Tris-HCl pH 8, 1 mM-EDTA, 0.19/oo SDS, 0.44 M-NaC1, and precipitated by adding 2.5 vol. ethanol.
Re-circularization ofnuclease Sj-nicked PSTV [PSTV L (S~) ]. PSTV L ($1) (approx. 1 ~g) was incubated with 4 units of T4 RNA ligase at 5 °C for 16 h in 50 mM-HEPES pH 8.3, 10 mM-MgC12, 0.1 mM-ATP, 3-3 midithiothreitol, 10 ~tg/ml bovine serum albumin, 10~ dimethyl sulphoxide. Circular PSTV was isolated by gel electrophoresis as described above.
AcM hydrolysis and phosphatase treatment. In order to cleave the terminal T,3'-cyclic phosphate to 2',(3')-phosphate, linear molecules produced by RNase CI nicking [PSTVL(CI)] were incubated in 0.01 M-HC1 for 6 h at 25 °C. Gel electrophoresis showed that this acid treatment did not degrade the PSTVL molecules. The 2',(3') terminal phosphate was dephosphorylated by alkaline phosphatase treatment (Efstratiadis et al., 1977 (Mg2+)] were labelled at the 5'-termini using [~-3'-P]ATP and polynucleotide kinase from T4-infected E. coli as described by Efstratiadis et al. (1977) . After the samples had been electrophoresed on a 5 ~ polyacrylamide gel containing 8 M-urea, the PSTVL band was detected by autoradiography and eluted from the gel. The Y-terminal nucleotides were determined as follows. RNA (2 ~tg) containing carrier tRNA was digested with 2 ~tg nuclease P1 in 5 ~tl of 10 mM-sodium acetate pH 6.0, for 60 min at 50 °C. The relative amounts of the four 5'-residues were determined by thin-layer chromatography on polyethyleneimine (PEI) cellulose (Randerath & Randerath, 1967) . Sequencing at the 5'-terminus of PSTVL(CI ) was done using the partial enzymic cleavage method . Partial digestions were carried out with alkali and RNases T~, U,, CI and A.
Nuclease S~-nicked PSTV [PSTVL(S~)] was labelled at the 3' terminus using [5'-32p]pCp and RNA ligase (England et al., 1980) . The T-terminal nucleotides were determined by alkaline hydrolysis and thin-layer chromatography on PEl-cellulose. Sequencing of the 3" terminus of PSTVt(S l) was done using partial enzymic cleavage using RNases T~, U,, Phy M and RNase from B. cereus (Donis-KeI1er, 1980) .
Bioassay. RNA was dissolved in a small volume of distilled HzO and RNA concentration was determined by spectrophotometric measurement using A061;~m = 25 and/or by HPLC using a G4000SW column (Toyo Soda). The RNA solution was serially diluted in 50 mM-sodium phosphate pH 7.0, containing 0.1 mg/ml tRNA. Cotyledons of tomato seedling were dusted with Carborundum and after putting 10 lal of each solution on each cotyledon, these were rubbed with a glass spatula. Symptoms were recorded 30 days after inoculation.
RESULTS

Preparation of linear PSTV molecules and analysis of their terminal nucleotides
In order to nick circular molecules we have used five different treatments: limited digestion with RNases CI, T1 and U2, hydrolysis by Mg 2+ and limited digestion with nuclease $1. Nuclease $1 produces linear molecules with 5'-phosphate and T-hydroxyl ends and the other treatments produce molecules with Y-hydroxyl groups and T-terminal phosphates. RNase CI recognizes U or G bases in RNA, cuts the 5'-phosphoryl group of the recognized nucleotide and transfers it to the 2'-OH of the neighbouring nucleotide, resulting in the formation of terminal T,Y-cyclic phosphate (Uchida & Suzuki, 1982) .
The products of each treatment were fractionated in a 5 ~ polyacrylamide gel containing 8 Murea ( Fig. 1 ) and the material migrating in the position of PSTV linear RNA was eluted. PSTVL(S 1 ) was labelled at the 3' end by T4 RNA ligase-catalysed addition of linear PSTV molecules were labelled at the 5' end by phosphorylation with T4 polynucleotide kinase and [~-32p]ATP. Labelled linear PSTV molecules were recovered from gels after electrophoresis. Table 1 lists the nucleotides present at the 5'-termini of the four types of PSTVL and at the 3' terminus of PSTVL(S1). Of the three RNases, RNase CI produced the most uniform 5' termini, most having a U residue at the 5' terminus. More than half of the PSTVL(T1) molecules were found to have a C residue at the 5' termini, but the ratio of nucleotides at the 5' termini of PSTVL(U2) indicated a low degree of specificity in the nicking reaction with RNase U 2-Mg 2 +-catalysed cleavage of PSTV gave linear molecules nicked at various sites, confirming the earlier report by S~inger et al. (1979) . Nuclease $1 treatment produced linear molecules more than 9 0~ of which had 3'-terminal U residues.
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Sequence analysis of the 5' terminus of PSTVL(CI) (Fig. 2) gave the sequence 5'-PyGGAAACA .... The Y-terminal pyrimidine base is U as shown in Table 1 and also as expected from the base-specificity of RNase CI. The fifth residue from the 5' terminus was detected in both lanes of RNases A and U2. However, the result in the U2 lane is considered to be more definitive in view of the stricter specificity of RNase U2 compared to that of RNase A; the latter is known to be able to cleave A-A linkages under certain conditions. Comparing this partial sequence with that of PSTV (Gross et al., 1978) , we conclude that most of the molecules were derived by nicking between G266 and U267 in the sequence of PSTVc.
Similar sequence analyses of the 3' terminus of PSTVL(S1) were carried out (Fig. 3) . Complete RNase T1 digestion of PSTVL(S~ ) labelled at the 3' end revealed heterogeneity of the molecules (Fig. 3 : left-hand lane) . The majority of the molecules (78~o) were nevertheless found to have the sequence 3'-PyGGGACAAA .... Since the 3'-terminal base is U (Table 1) , this sequence shows that the molecules were nicked between U178 and U~79 in the sequence of PSTVc.
Infectivity of linear molecules
Each preparation of linear PSTV was tested for infectivity. Both PSTVL(CI) and PSTVL(U2) had almost the same infectivity as PSTVc but the infectivity of PSTVL(T~) was approximately 10-fold lower (Table 2, expt. 1, 2 and 3) and PSTVL(S~) was less than 1/100 as infective as PSTVc (Table 2 , expt. 2, 4 and 5). However, re-circularized PSTVL(S~ ) molecules were about as infective as PSTVc (Table 2, expt. 5).
PSTVL(S~ ) has 5'-phosphate and Y-hydroxyl termini whereas the other four types of PSTVL molecules have 5'-hydroxyl and 3' termini whose phosphate is either 3', and 2' or in the form of a 2',3'-cyclic phosphate. We infer that the 3' termini of PSTVL(CI) were completely 2',3'-cyclic phosphate, because the products of RNase CI digestion of high molecular weight RNA or poly(U) were in the form of NpNp .... N > p, and no NpN .... N3'-p was detected (data not shown). A portion of PSTVL(TI) molecules also probably had 2',3'-cyclic phosphates at their 3' termini since the second reaction step of RNase T~, hydrolysing ofT-T-cyclic phosphate, is 102-fold slower than the first reaction, transphosphorylation (Egami et al., 1980) . However, most PSTVL(T1) molecules probably had 3'-phosphate termiai. Moreover, the reaction rate of * Infectivities PSTV~ (-). are graded as similar to that of PSTVc (+ +), > 1 ~ but < 100~ that of PSTV c (+), < 1 ~ of RNase U2 in the second step is far less slow than that of RNase T1 (Uchida et al., 1970) and thus almost all the phosphates at the T-termini of PSTVL(U2) should be in the form of 2',3'-cyclic phosphate. In fact, under the conditions used here almost all the T-termini of the hydrolysates with RNase U2 were 2',3'-cyclic phosphate. On the other hand, the 3' termini of PSTVL(Mg 2÷) were a mixture of 2'-and T-phosphates. The order of infectivity is PSTVL(CI ) = (U2) > (T1) > (Mg2+). Since this order appears to reflect the proportion of 2',3'-cyclic phosphate at 3' termini, the form of the phosphate at this terminus of linear PSTV may be important for its infectivity. Evidence supporting this idea was that when the cyclic phosphate at the 3' termini of PSTVL(CI) was hydrolysed by acid treatment, the infectivity of the resulting linear molecules, PSTVe(CI)2',(3')phosphate, was decreased about tenfold (Table 2, expt. 2). Furthermore, removal of 2',(3')phosphate at the 3' termini by a phosphatase treatment decreased the infectivity greatly.
The terminal structures and the infectivity of different types of PSTVL are summarized in Table 3 . Every PSTVL preparation is likely to be contaminated by a small amount of linear PSTV generated from circular PSTV by unknown mechanisms during extraction from the gel and other manipulations and these molecules may be infective. Although the degree of contamination was not estimated, we did not consider infectivity of less than 1 ~ that of PSTVc significant.
DISCUSSION
The results given in Table 3 show that linear molecules that lack phosphate at the 3' terminus are not infective and that molecules with a 2',3'-cyclic phosphate at their 3' termini are as infective as circular molecules. There are two possible explanations for the full infectivity of linear PSTV molecules. The linear molecules may either act as templates for PSTV replication or be converted into circular molecules in the inoculated plant cells. Recently, Konarska et al. (1981) have reported a novel RNA ligase in wheat germ extracts. It is tempting to suggest that a similar enzyme is present in plant cells which support PSTV replication. It has also been reported that the RNA ligase activity from wheat germ can circularize RNase Tl-nicked PSTV molecules, but not nuclease Sl-nicked molecules (Branch et al., 1982) . RNase Tl-nicked PSTV has been shown to be circularized also by Chlamydomonas extracts (Kikuchi et al., 1982) and it may be that this RNA ligase activity exists in other plants such as tomato, and that this participates in the circularization of linear PSTV molecules. It has been reported that wheat germ RNA ligase does not use 2'-or T-phosphate-terminated RNA as a substrate (Konarska et al., 1982) . However, linear molecules bearing a T-or 3'-phosphate other than 2',3'-cyclic phosphate at the 3' terminus were infective to some extent. Thus, these may be used as substrate in a ligase reaction in the plant cells or be converted to T,3'-cyclic phosphate by an unknown mechanism such as, for example, the ligation of T-phosphate-terminated oligonucleotides by purified RNA ligase from wheat germ (Furneaux et al., 1983) .
The low infectivity of some linear molecules, such as PSTVL(S l ), may be due to the deletion of some nucleotides. However, this possibility can be largely excluded by the following observations. (i) Re-circularized PSTVL(S ~ ) was about as infective as PSTV c. (ii) Electrophoretic analysis using a longer gel revealed that PSTVL(S1) molecules migrated as a single band which coincided with the position of bands of fully infective RNA (data not shown). The possibility that the infectivity of linear molecules depends on the nicking site can also be excluded because PSTVL(U2) molecules, apparently derived from various nicking sites, were fully infective. Therefore, the most plausible interpretation of our results is that the terminal phosphates of linear molecules are essential for infectivity.
